The effect of adrenalectomy on the level of nerve growth factor (NGF) in the hippocampus and on the distribution of choline acetyltransferase i ureactivity in forebrain cholinergic neurons of developing rats was studied. Biological and immunohistochemical determinations indicated that in 40-day-old rats, adrenalectomy reduced the NGF level in the hippocampus and the choline acetyltrsferase immunoreactivity in the septal lateral bands. Furthermore, autoradiographic studies showed that adrenalectomy causes changes in the distribution and expression of NGF receptors in the hippocampus. These results suggest that adrenal hormones are involved in the regulation of the NGF level in the hippocampus and of NGF receptors in the septum.
Nerve growth factor (NGF) is a polypeptide found in both the peripheral (1) and the central (2) nervous system. In the rat central nervous system, the hippocampus contains one of the highest levels of NGF and of mRNA encoding NGF (2) (3) (4) (5) . Several lines of evidence indicate that NGF is synthesized within the hippocampus, taken up selectively by cholinergic neurons of the septal lateral band (SLB) terminals, and transported retrogradely to the cell of origin (6) (7) (8) (9) . Intrahippocampal injection of NGF antibodies causes granule cell loss (10) , further suggesting that NGF plays a physiological role in the central nervous system. The hippocampus is a major target site of glucocorticoid hormones, particularly corticosterone, and administration ofglucocorticoids early in development influences brain and somatic growth (11) . Furthermore, recent in vitro and in vivo studies have shown that glucocorticoids have a profound influence on the survival of hippocampal neurons (12) . Whether or not these hormonal activities affect the level of NGF in the hippocampus and the distribution of NGF receptors in the basal forebrain cholinergic neurons has yet to be explored. The present studies show that in developing rats, adrenalectomy significantly reduces the level of NGF in the hippocampus and of choline acetyltransferase (ChAT) immunoreactivity in the cholinergic neurons of the SLB while enhancing a concomitant increase of NGF receptor expression in the septal neurons. A preliminary account of these studies has been presented.*
MATERIALS AND METHODS
Animals and Adrenalectomy. Forty-day-old SpragueDawley rats (90-100 g) were purchased from Nossan (Calco, Italy). Rats were subjected either to bilateral adrenalectomy or to sham operation (laparotomy) under ether anesthesia. Corticosterone (Sigma) was dissolved in ethanol/saline, 1:9 (vol/vol), and injected intradermally into the adrenalectomized (Adx) rats at doses of 2 gg every other day for 2 weeks.
Adx rats were given 0.9% NaCl in place of drinking water to compensate for the loss of salt.
Mouse NGF (2.5S) was purified from male mouse submaxillary glands (13) . Polyclonal NGF antibodies were prepared (14, 15) and purified by affinity chromatography (16) .
Biological Assays. At intervals, control and treated rats were killed with an overdose of ether vapor and the hippocampi were dissected out and stored at -80TC until use. Each hippocampus was homogenized in distilled water (1 ml/100 mg), the homogenate was centrifuged at 10,000 x g for 20 min, and the supernatant was used for biological assay. The supernatant of Adx rat hippocampus was concentrated 10-fold (lyophilized and then dissolved in water to 1/10th of its original volume) to better evaluate the amount of NGF. For NGF determination, a very sensitive cell culture bioassay was used (17, 18) . Since the hippocampus contains neurotrophic factors that promote fiber outgrowth from NGFunresponsive neurons of ciliar and sensory ganglia (19) , a highly NGF-responsive cell population was utilized. Nerve cells from superior cervical ganglia (SCG) of 17-to 18-day-old rat fetuses were mechanically dissociated and plated in collagen-coated 96-well Falcon tissue culture dishes containing Dulbecco's modified Eagle's medium alone or with various amounts of NGF or tissue samples to be tested. As previously reported (17, 18) , in the absence of NGF only a small number of neurite-bearing cells appeared in the culture dish, while the addition of NGF (starting from 0.02 ng/ml) yielded a dose-related increase in the number of neurites. After 24-48 hr in culture, neurons bearing neurites of a length more than twice the diameter of the cell were scored. Thus, a standard NGF dose-response curve was obtained, permitting the evaluation of the NGF level in the tissue samples tested. To determine whether extracts of other brain regions caused neurite outgrowth, cerebellum and spinal cord extracts from the same rats were also tested.
Immunohistochemistry. For (4, 20) . Staining specificity was assessed by (i) preadsorption of the first antibody with an excess of NGF for 24 hr, (ii) omission of the primary antibody, and (iii) incubation of sections with preimmune rabbit serum or with commercially available antibodies to epidermal growth factor.
For ChAT immunohistochemistry, animals were anesthetized with Nembutal and perfused with 100 ml of saline followed by 300 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were quickly removed and immersed in the same fixative for 4 hr and then in phosphate buffer containing 30%o sucrose for 24 hr at 40C. Serial coronal sections (40 ,um thick) were cut on a Bright cryostat. The sections were incubated with monoclonal ChAT antibodies (Boehringer Mannheim), at a dilution of 1:25 in phosphatebuffered saline, for 24 hr at 40C and then processed with the peroxidase-antiperoxidase method (20, 21) . A quantitative analysis of lightly and darkly stained immunoreactive nerve cells in the SLB of Adx and sham-operated rats was carried out on seven consecutive sections following a rostrocaudal direction.
NGF-Receptor Antibody lodination and Autoradiography. Monoclonal antibodies (192-IgG; a generous gift from E. M. Johnson, Jr., Washington University, Saint Louis) were radioiodinated with Na1251 (Amersham) by the chloramine-T procedure (22) (23) (24) , and 1SI-labeled antibodies (125I-192-IgG)
were purified by Sephadex G-25 column chromatography.
Labeled ligands with a specific activity of 1.0-1.5 Ci/,umol (1 Ci = 37 GBq) were obtained and used for retrograde transport experiments. Control and Adx rats were injected with 4 jkl of 125I-192-IgG (107 cpm) in the anterior hippocampus (coordinates: A, 2.6 mm; L, 2.2 mm; V, 3.0 mm). Twenty-four hours later, animals were anesthetized and perfused through the heart with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4), brains were removed, and coronal sections were cut 40 ,um thick. Sections containing the septum, corresponding to plates 13-17 of the rat brain atlas (25) , were washed twice and the 125I in each was measured with a y counter. They were then mounted on glass slides, air-dried, and coated with nuclear tracking emulsion (Ilford K-2). Slices were developed 20 days later in Kodak developer D-19 and sections were counterstained with toluidine blue. The total number of radiolabeled neurons in the septum of control and Adx rats were counted in seven consecutive sections following a rostrocaudal direction. Statistical evaluations were performed by analysis of variance. Groups were compared by the two-tailed Student t test.
RESULTS
Extracts of rat hippocampus caused neurite outgrowth from rat SCG neurons in the NGF bioassay. Adrenalectomy, performed on 40-day-old rats, caused a decrease of the NGF level in the hippocampus. This decrease was already apparent 5 days after the operation and reached its lowest level after about 12 days. By this time, the mean level of NGF detected in the hippocampus of Adx rats was reduced to less than half the amount found in the hippocampus of shamoperated rats. The biological assay showed that the amount of NGF in hippocampus of sham-operated rats was about 1.7 ng/g of hippocampal wet weight, whereas in Adx rats hippocampal NGF decreased to 0.8 ng/g ( Table 1 ). The neuritepromoting activity of the hippocampal extract was dosedependent and saturable, as has been shown with chick sensory ganglia (26, 27) and dissociated nerve cells (17, 18) . Further, the biological activity of the extract was completely inhibited by NGF antibodies. SCG neurons cultured in the presence of cerebellum and spinal cord extracts did not produce any neurite outgrowth.
Adrenalectomy resulted in a pronounced reduction ofNGF immunoreactivity in the hippocampal formation, particularly in the CA2 and CA3 regions and in the dentate gyrus (Fig. 1) . This reduction of immunostaining was evident after 1 week and reached a maximum 3 weeks after adrenalectomy. No immunoreactive cells were observed when hippocampal sections were incubated with preimmune serum, NGF antibod-
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. # Dp-.. ChAT immunoreactivity and, to a lesser extent, the number of darkly immunostained cells in the SLB, decreased following adrenalectomy (Fig. 2) . A time-course study showed that 14 days after adrenalectomy, the immunoreactivity in the SLB cholinergic neurons was significantly reduced. Quantitative determination of immunostained neuron distribution showed a drastic decrease in ChAT immunoreactivity rather than a reduction in the total number of cholinergic neurons (Table 2 ). This decrease in ChAT immunoreactivity became even more pronounced after 3-4 weeks. Thereafter, the rats began to lose weight and further immunohistochemical differences were not considered. Alternate brain sections stained with toluidine blue did not show any evident cytological alterations, such as chromatolysis, reduction of cell size, or cell damage in the septal region of the Adx rats.
It has been shown (3, 6, 7, 9) (Fig. 3) . Histological examination ofthe brains ofAdx and control rats showed that 24 hr after injection of antibodies against NGF receptors, the number of labeled neurons in the septum of Adx rats was greater than the number of labeled neurons in the septum of control rats. Table 2 shows the morphometric determination of retrogradely labeled cells in the septum of sham-operated and Adx rats 2 weeks after operation. A significant increase in the number of radiolabeled cells occurred following adrenalectomy (Fig. 4) . 
DISCUSSION
The hippocampus is a target tissue for a variety of steroid hormones (30) . Glucocorticoids, secreted during stress, have been shown to influence behavioral response and the structural organization of the central nervous system in both young and adult animals (11, 12, 31) . Further, adrenocortical hormones influence the rate of hippocampal neuronal death that occurs following neuropathological insults and in aging processes (32) . Such studies, while providing experimental evidence that the adrenocortical hormone receptor system in t(x280.) the brain displays a considerable plasticity, have offered a conceptual and methodological approach for investigating the role of corticosteroids in regulating the level of NGF and other brain neurotrophic factors (2, 19) in the hippocampus and in different brain regions.
Several lines of published evidence indicate that NGF is present in the hippocampus, that it is retrogradely transported to the SLB neurons (2, 6, 7, 29) , and that injection of exogenous NGF into the hippocampus enhances the activity of ChAT, a key enzyme for the synthesis of acetylcholine in the forebrain neurons (6-8, 28, 29, 33) . Impairment of the septohippocampal pathway is involved in the pathophysiology of dementia of the Alzheimer type and perhaps ofnormal aging as well (34) (35) (36) (37) (38) . The observations that the NGF level in the hippocampus decreases with age (39) and that exogenous NGF can significantly reduce the degenerative events of basal cholinergic neurons (37, 44) support the notion that NGF may be involved in some neurodegenerative diseases involving central cholinergic neuron damage (2, 4, 8, 38, 40) . However, how synthesis, storage, and release of NGF in the central nervous system are modulated is largely unknown. Similarly, the correlation between the brain NGF level and circulating adrenocortical hormones during brain development and in aging is not known. The present study shows that adrenalectomy in young rats causes a drastic decrease of the NGF level in the hippocampus, a decrease in ChAT immunoreactivity in septal neurons, and a concomitant change in the distribution and immunological reactivity of NGF receptors in the SLB neurons, as detected with the monoclonal antibodies used. Injection of corticosterone into Adx rats restores NGF levels, ChAT immunoreactivity, and NGF receptor expression, suggesting that lack of adrenal hormones is the primary cause of this deficit. These studies, showing that Adx causes a decrease in the NGF level in the hippocampus, indicate that the hippocampal NGF level and NGF receptor expression are hormonally regulated.
Recent reports that thyroid hormones modulate the distribution of NGF receptors in the basal forebrain neurons (41, 42) , and an earlier report that administration of thyroxine to adult mice results in an increased amount of NGF in hypothalamic regions (43) , support the hypothesis that brain NGF is hormonally regulated. The mechanism(s) of action of NGF hormone regulation remains, however, a question open to further investigation. The observation that NGF receptors and ChAT immunoreactivity in the septum are also affected by corticosteroid suggests that this hormone exerts, either directly or indirectly, a well-defined modulatory action on cholinergic cells projecting to the hippocampus. These findings, therefore, suggest a functional interrelationship among corticosteroid secretion, brain NGF level, and the septohippocampal cholinergic pathways. Further studies are necessary, however, to determine the extent to which circulating adrenocortical hormones and NGF synthesis and availability affect other forebrain cholinergic pathways in adult and aged rodents. This specific experimental approach will be most valuable for studying the effects of circulating steroid hormone levels, particularly in animal models carrying hormonerelated disorders, such as hypo-or hyperactivity of adrenocortical hormones. It will likewise be of great value for studying NGF distribution and NGF gene expression in specific brain regions.
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